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Abstract
This work presents a computational model for a discontinuous fibre compos-
ite manufacturing process. The alignment mechanism of this novel process,
called the High Performance Discontinuous Fibre (HiPerDiF) method, in-
volves highly coupled fluid-structure interactions. Fibres with a length on
the order of a few millimetres are placed in a water suspension, sprayed be-
tween two parallel plates and deposited on a moving belt to make an aligned
discontinuous fibre tape. This technology can be used as part of a compos-
ites recycling process to remanufacture reclaimed fibres into valuable recycled
composite feedstock by ensuring a high level of alignment. In order to indus-
trialise this process, the throughput must be increased whilst maintaining
the high level of alignment. This work aims to assist this development by
modelling the alignment mechanism using smoothed particle hydrodynamics
(SPH). It is shown through comparison to experiments that SPH models the
process well and captures the influences affecting fibre alignment.
Keywords: Recycling, Aligned discontinuous fibres, Smoothed Particle
Hydrodynamics
2010 MSC: 00-01, 99-00
∗Corresponding author
Email address: thomas.rendall@bristol.ac.uk (T. Rendall)
Preprint submitted to Journal of Composites Science and Technology March 30, 2020
1. Introduction
Carbon fibre reinforced polymer composites (CFRPs) continue to become
increasingly important; their use has been steadily growing over the past few
decades in a wide range of industries. They have acheived this status due to
their nature as high quality products that exhibit high strength and stiffness,
low density and fatigue and corrosion resistance. The use of virgin carbon
fibre is expensive and with increasing amounts being produced represents a
significant environmental challenge with regards to manufacturing and end
of life waste disposal.
This has led to a growing interest in developing methods that allow com-
posite waste to be recycled. Excluding mechanical grinding that generates
low value materials, composite recycling is a two step process: the degrada-
tion of the matrix to reclaim the fibres and their remanufacturing in a new
recycled material [1]. Independently of the matrix degradation processes,
that might be based on pyrolytic or solvolytic processes, the reclaimed fibres
are in a filamentised, random, low-density-packing (fluffy) form [2]. To ob-
tain a high-performance, and therefore valuable, recycled composite material
it is of paramount importance that the fibres are realigned to obtain high
fibre volume fraction [3]. One process that has been invented at the Univer-
sity of Bristol that enables the production of highly aligned, discontinuous
composites is the High Performance Discontinuous Fibre (HiPerDiF) method
[4, 5, 6, 7]. Explained in more detail below, the primary aligment mechanism
is through the suspension of the fibres, with length between 1 and 12 mm, in
a water jet, which is sprayed between thinly spaced parallel plates. In order
to industrialise this process, the main improvement needed is an increase in
the throughput. However, this needs to be achieved whilst maintaining the
excellent alignment level. To facilitate this the fluid mechanics behind the
alignment process must be better understood.
The aim of this work is to develop a computational model to investi-
gate this highly coupled fluid structure interation problem and this will be
achieved using smoothed particle hydrodynamics (SPH). SPH has been cho-
sen due to its excellent ability to model both free-surface flows and cases
with large amounts of deformation, as will be the case in this project. SPH
is a meshless, Lagrangian method originally developed by both Lucy [8] and
Gingold and Monaghan [9] for astrophysics problems. It is a relatively new
method compared to standard mesh based computational fluid dynamics
methods. One of the main areas of development has been on breaking waves
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but it has also been widely applied to impact and explosion problems, multi-
phase flows and heat and mass transfer problems, demonstrating its excellent
versatility. There are also examples in the literature of authors using SPH
to model flows that contain short fibres. One of the first examples was to
model the flow of self-compacting concrete with steel fibres by Kulasegaram
and Karihaloo [10], which was further developed by Deeb et al. [11]. They
used incompressible SPH to model the non-Newtonian fluid and rigid body
fibres. SPH has also been used to model the injection molding process for
composites manufacturing by He et al. [12], whilst Wu et al. [12] used a
coupled SPH-DEM approach whereby the fibres were modelled as discrete
element method (DEM) particles. Whilst these applications share some sim-
ilarities with this work in terms of the suspension of short fibres in a medium,
the flows investigated were all more viscous than the fluid used in this work.
The primary focus of this work is the final fibre orientation and align-
ment as this is crucial for producing material that has comparative mechani-
cal properties to traditional continuous fibre components. Investigations into
fibre orientation have been explored for several different flow types using a va-
riety of methods. Fibre orientation has been studied using SPH by Skoptsov
et al. [13] for the injection molding process and was also the focus of the
investigation of Deeb et al. [14] for self-compacting concrete. Other studies
of fibre orientation using different methods include Oumer et al. [15], who
looked at fibre orientation of injection molding using the software MoldFlow
and Khodadadi Yazdi et al. [16] who used a finite volume approach to study
the flow of short fibres through a planar contraction. However, most relevant
for this work is perhaps the study by Hamalainen et al. [17] who discussed
the fibre alignment of a paper-making process, which has a similar setup to
the HiPerDiF process, using an Eulerian based approach.
As previously stated, the HiPerDiF alignment mechanism is a highly cou-
pled fluid-structure interaction problem between the water and the fibres.
Here both the fluid and fibres are modelled using SPH particles and the fi-
bres are treated as rigid bodies. An example of an SPH simulation in two
dimensions is given in Fig. 1. This is a technique also used by other authors
such as Hashemi et al. [18] and Tofighi et al. [19] whose work focused on
moving particles in a fluid or named particle suspensions and used weakly
compressible and incompressible SPH, respectively. Also, Aly and Asai [20]
used the same technique to simulate flood disaster using incompressible SPH.
3
Figure 1: Example of SPH simulation in 2D. Blue are fluid particles, green are wall
particles and red are fibre particles
1.1. The HiPerDiF method
The High Performance Discontinuous Fibre (HiPerDiF) method is a man-
ufacturing process invented at the University of Bristol to produce highly
aligned discontinuous fibre tapes. A schematic of the HiPerDiF technology
is shown in Fig. 2.
The process begins with a low concentration of fibres in a water suspension
tank. Fibres are then sprayed through a nozzle towards an array of thinly-
spaced parallel plates, known as the alignment head. The momentum change
induced by this action causes the fibres to align. After this, they drop onto
a moving mesh conveyer belt. This perforated belt allows the water to be
extracted without affecting the fibre alignment, which is aided by the use of
a suction pump. This leaves the aligned fibres on the belt, before being fully
dried and impregnated with the resin. The alignment of the fibres is crucial
to producing commercially valuable material. As such, it is important to
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Figure 2: HiPerDiF composite manufacturing process
investigate the physics behind the problem in order to better understand the
factors influencing the fibre alignment.
This paper presents the SPH model of the HiPerDiF alignment mecha-
nism and the validation against experimental results. The remainder of this
paper is ordered as follows: section 2 outlines the methodology used in the
SPH simulations of the HiPerDiF alignment process and section 3 presents
the validation results of the SPH model by comparing the simulation to
equivalent experimental setups.
2. Smoothed Particle Hydrodynamics
SPH is a meshless Lagrangian method. The most common way of for-
mulating the SPH equations involves discretising the domain into a set of
particles, which represent interpolation points. A function, F (ri), can then






F (rj)W (ri − rj, h) (1)
where W is the a smoothing kernel function, mj, ρj and rj are the mass,
density and position of particle j, respectively and h is the smoothing length,
which is typically set to be larger than the initial particle spacing, ∆s, ie
h = 1.5∆s. Then the sum is performed over all neighbouring particles within
a certain radius which is dependent on the kernel used but for this work the
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radius is 2h or 3∆s. A large number of different smoothing kernels have been
used in the literature. In this work, Wendland’s C2 function is used:







+ (2q + 1) , 0 ≤ q ≤ 2
0, otherwise
(2)
where q = |ri − rj| /h and α = 21/16πh3 for three dimensions. This formu-






F (rj)∇W (ri − rj, h) (3)
The equations governing the particles are the continuity and Navier-
Stokes equations, which are given by
dρ
dt








∇2v + g (5)
where v is the velocity, t is time, p is pressure, ν is viscosity and g is gravity.
In this work, the weakly compressible form of SPH is used. This gives






mj(vi − vj) · ∇W (ri − rj, h) (6)
The right hand side of Eq. (6) is an approximation to v · ∇ρ because ∇ ·






















(ri − rj) · ∇W (ri − rj, h)





Fi + g (7)
The first term on the right hand side of Eq. (7) is a symmetrical, bal-




be approximated in other ways as described by Price [21]. The second term
is the viscosity term proposed by Morris et al. [22] and the third term is
pairwise force surface tension described by Tartakovsky and Meakin [23].
In order to complete the formulation, an equation of state is required to
compute the pressures. In this work, the Murnaghan-Tait equation of state,









The value of γ is set to 7 as originally suggested by Cole [24]. The value of
B is given by B = c20ρ0/γ, where c0 is the speed of sound and is set to a
value an order of magnitude greater than the largest velocity expected in the
simulation as proposed by Monaghan [25]. This is done to keep the density
fluctuations small.
After formulating the discretised equations for the particles, the problem
is integrated in time using the Newmark-beta method as explained by Hall
et al. [26].
2.1. Boundary particles
There are several options available to model solid boundaries in SPH.
These vary in complexity and accuracy; a good summary is provided by Fraga
Filho and Chacaltana [27]. In this work, the solid boundaries are modelled
using dynamic boundary particles as originally proposed by Dalrymple and
Rogers [28] and later developed by Crespo et al. [29]. These are SPH particles
that are fixed, for wall particles, or moving with a prescribed motion, for belt
particles. Essentially only the continuity equation, Eq. (6), is solved for these
particles.
2.2. Modelling the fibres
The fibres are also modelled using SPH particles. However, the particles
making up a fibre are constrained by rigid body kinematics. So after solving
the momentum and continuity equation for the fibre particles, the linear and
angular velocities, V and Ω respectively, of each fibre are updated using Eq.










where M is the mass of the fibre, F is the total force on the fibre computed
by summing the contribution from the particles that belong to it, I is the
inertia matrix and T is the torque. The fibres are modelled as thin rods
meaning that there is no rotation about length. The velocities computed
using these equations can then be used to update the positions of all of the
particles on a given fibre.
2.3. Fluid-Structure coupling
In this application, the fluid and structure represents a highly coupled
system. Therefore, it is necessary to ensure that a strongly coupled fluid-
structure algorithm is used. The strongly coupled procedure used in this





Solve the fibre particles
Converged?
t = t + ∆t
yes
no
Figure 3: Flowchart of the coupled fluid-structure interaction
One iteration of the algorithm consists of computing the new positions
and velocities of the fluid particles and the new densities and pressures of
all the particles. Then, using the latest values for the fluid variables, new
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positions and velocities of the fibre particles are calculated. If the positions
are converged, then a new time step is initiated. If not, the fluid variables
are reset and the latest fibre position and velocities are used to recalculate
the fluid values. This is repeated until convergence is achieved. Typically,
in this application, 2 or 3 iterations are needed for convergence. This results
in a process that is fully implicit, which is important as there is a strong
coupling between the fluid and the fibres.
The aim of this work is to validate the general SPH approach to modelling
the HiPerDiF alignment head and as shown in the next section, the model
accuracy and stability is appropriate for this problem.
3. Results
This work provides validation of the SPH model used to simulate the
HiPerDiF alignment process. First the experimental setup is presented and
then the computational setup is described. Finally, the results from both are
compared and show that the SPH model accurately represents the alignment
mechanism.
3.1. Experimental setup
The experiments used a smaller prototype version of the HiPerDiF ma-
chine. The working principles are the same but the alignment head consists
of two nozzles as shown in Fig. 4. The validation was carried out by com-
paring the effect of different plate spacings on the fibre alignment. Three
different plate spacings were used: 0.3 mm, 0.5 mm, and 1.0 mm. All other
settings remained constant and are listed in Table 1.
Figure 4: Smaller prototype HiPerDiF alignment head. The camera shows the angle at
which the fibres were captured in Fig. 9, which is from directly above the belt.
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Table 1: Experimental parameters
Parameter name Value Units
Nozzle angle θ 45.0 degrees
Nozzle angle φ 45.0 degrees
Nozzle diameter 1.35 mm
Flow rate 2.35 mL/s
Belt speed 14 mm/s
Fibre length 3.0 mm
Fibre density 1820 kg/m3
Fibre volume concentration 0.0005 %
3.2. Computational setup
The computational setup, showwn in Fig. 5, was designed to closely
match the experiments. Most parameters are straightforward to implement
such as the nozzle angles, belt speed and fibre properties. However, as the
machine uses a peristaltic pump, this has the effect of pulsing the jet. There-
fore, it was necessary to include this effect in the simulations. The pulse was
timed at 0.025 seconds on and 0.025 seconds off. This was modelled by a
clipped sinusoidal function, shown in Fig. 6, so that the overall flow rate
matched the value calculated in the experiments. Also, the fibre concen-
tration was used to calculate the number of fibres assuming that the fibres
are evenly dispersed in the water and evenly supplied to the nozzles. This
resulted in 4 fibres per nozzle per pulse.
For all three plate spacings, the particle smoothing length was kept con-
stant. The resolution requirements are primarily driven by the plate spacing
due to the need to accurately resolve the gap. It is important to resolve the
gap but not to over-resolve it as this unnecessarily increases the computa-
tional cost. Therefore, the smallest plate spacing was used to determine the
smoothing length, which was set to 0.09 mm, which is 1.5 times the initial
particle spacing. This initial particle spacing was determined from a reso-
lution study where the simulation was performed with progressively smaller
initial particle spacing and the final alignment quantified, shown in Fig. 7.
All the simulation parameters are provided in Table 2.
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Figure 5: Side-on view of the simulation setup of the smaller protoype alignment head.
The thick arrow indicates the belt direction and the dashed arrows indicate direction of
the jets. The camera shows the angle at which the images were captured in Fig. 9.
Figure 6: Jet pulse function
3.3. Validation results
The results presented here form the basis for the validation of the SPH
model of the HiPerDiF alignment mechanism. This was performed in two
ways. The first is a comparison of the shape of the jet impingement on the
plate and the second is a comparison of the relative fibre alignment as the
plate spacing is altered.
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Figure 7: Fibre alignment with different initial particle spacing for a plate width of 0.3
mm.
3.3.1. Jet formation
The formation of the jet as it impinges the back plate was captured using
a high speed imaging camera. The camera was a Photron FASTCAM SA-Z
and took images at 20000 frames per second. The images were taken from
behind the plate. Fig. 8 shows the shape the jet forms on the plate at
different instances of the pulsing action. Comparison of the experimental
jet, Fig. 8(a), and the computational jet, Fig. 8(b), shows the simulations
match the experimental reality well.
Table 2: Computational parameters
Parameter name Value Units
Initial particle spacing 0.06 mm
Surface tension coefficient 0.0728 N/m
Smoothing length 0.09 mm
Contact angle (plates) 71.0 degrees
Contact angle (fibres) 80.0 degrees
Timestep size 2× 10−7 seconds
FSI loop iterations 2 n/a
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(a) Experimental jet (b) Computational jet
Figure 8: Shape formed by jet impinging on the plate
3.3.2. Fibre alignment
For each plate spacing, the preform produced was carefully transferred to
a glass slide and imaged. The images were taken from the angle indicated by
the camera symbol in Figs. 4 and 5 for the experimental and computational
results respectively. The fibre alignment for the three different plate spacings
is shown in Fig. 9. It is clear that the experimental alignment, Fig. 9(a),
decreases as the plate spacing increases and this trend is captured by the
SPH model, Fig. 9(b). One of the benefits of having a computational model
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is that the fibre alignment can be easily quantified. This has been done for
the three plate spacings and is shown in Fig. 10, which shows the percentage
of fibres aligned within ±3◦ of the belt direction. This figure quantifies
the decrease in fibre alignment as the plate spacing is increased, with the
smallest plate spacing having an alignment of 76% reducing to 27% for the
largest plate spacing. The alignment from the experimental fibres can also
be quantified using software such as OrientationJ [30]. Developed in the
field of biomedical engineering, OrientationJ uses directional image analysis
to characterise the orientation properties in an image based on evaluation
of the gradient structure tensor in a local neighborhood. Performing this
analysis on the images in Fig. 9(a) produces a distribution plot as shown in
Fig. 11 for the 0.5 mm plate spacing. This is used to calculate the percentage
of fibres within ±3◦ and the results are shown in Fig. 10.
(a) Experimental fibre align-
ment
(b) Computational fibre alignment
Figure 9: Fibre alignment for different plate spacings
Although it may appear that some of the fibres have deformed in Fig.
9(a) the authors have found this to be an optical illusion caused by the large
number of small, thin fibres that makes it extremely difficult to distinguish
individual fibres in this figure. As such, it is probable that where a fibre
appears to have deformed this is probably a number of fibres that overlay
in such away that they give the appearance of a single deformed fibre. This
is supported by magnified views of the fibres shown in Fig. 12, which are
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Figure 10: Effect of plate spacing on fibre alignment
Figure 11: Dsitribution plot of fibre orientation of 0.5 mm plate spacing produced by
OrientationJ.
representative of the entire preform of fibres. The rigid body assumption is
also supported by bending beam calculations performed by the authors. The
fibres were modelled as a thin beam in crossflow. Calculating the drag on a
fibre from the maximum velocity, and asscosited drag coefficient as given by
Lindsey [31], using equation (11), resulted in a maximum deflection of 0.20
mm for 3 mm long fibres, in other words 6.6% of its length. A reasonable
assumption for rigid bodies is a deformation no greater than 10% of the length
15





This calculation can also be used to compute the maximum length of fibres
for this jet velocity or conversely the maximum jet velocity for this length
of fibres where this assumption still holds. For example, for this jet velocity
the longest fibres where this assumption holds is 3.5 mm and the maximum
jet velocity for 3 mm fibres is 2.45 m/s. This is, however, a conservative
calculation as the the fibre slip velocity is less than the jet velocity, which
has been used in this calculation.
(a) 0.3 mm plate
spacing
(b) 0.5 mm plate
spacing
(c) 1.0 mm plate
spacing
Figure 12: Magnified view of fibres in Fig. 9.
3.4. Effect of jet velocity
Having validated the model, the effect of the jet velocity on the fibre
alignment was investigated. For these simulations the pulsing effect of the
jet was ignored, instead a continuous flow was modelled for four different
velocities: 0.4 m/s, 0.8 m/s, 1.6 m/s, and 3.2 m/s. These jet velocities
were investigated for two different plate spacings: 0.3 mm and 1.0 mm. A
continuous jet with velocity 0.8 m/s displaces the same amount of fluid in
0.05 seconds as the pulsing jet simulated previously. The number of fibres
introduced was constant with respect to time for all velocities, thus meaning
that the faster jets had a lower fibre concentration than the slower ones. The
fibre alignment for the four different jet velocities are shown in Fig. 13 and
Fig. 14 for a plate spacing of 0.3 mm and 1.0 mm, respectively. It is clear to
see that the level of alignment is largely unaffected by the jet velocity. For
the smaller plate spacing there is very little difference between any of the
simulations. For the largest plate spacing, the effect of increasing jet velocity
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is to stretch the placement of fibres out in the belt direction, which results
in both a thinner tape and one that would contain more voids, thus having
lower quality. As mentioned in the previous section the assumption of the
fibres acting as rigid bodies is potentially not valid for the jet velocity of 3.2
m/s.
Figure 13: Fibre alignment for plate spacings of 0.3 mm for jet velocities of 0.4 m/s, 0.8
m/s, 1.6 m/s, 3.2 m/s (top to bottom)
Figure 14: Fibre alignment for plate spacings of 1.0 mm for jet velocities of 0.4 m/s, 0.8
m/s, 1.6 m/s, 3.2 m/s (top to bottom)
3.5. Characterisation of flow rate for production
The SPH simulations can also be used to determine a relationship between
mass flow rate between the plates and jet velocity. In combination with the
input parameters it is possible to determine a characteristic, non-dimensional
curve for a given geometry. In two dimensions, this means for a given nozzle
diameter, d, plate spacing, l, hydrostatic head, h and nozzle angle, θ, (as
shown in Fig. 15) the relationship between the discharge coefficient and the
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where Vj is the jet velocity. The mass flow rate is calculated by recording the
mass flow between the plates over the course of the simulation and is used
to determine the discharge velocity using ṁ = ρlVd. A representative time
history of mass flow is shown in Fig. 16. The mass flow rate can then be
computed by calculating the gradient of the curve once the initial transient
has settled to a steady state. This relationship was calculated for several
Figure 15: Two-dimensional geometry used to determine characteristic curves
nozzle angles and two different plate spacings: one where the nozzle diameter
was approximately the same as the plate spacing and one where the nozzle
diameter was much larger than the plate spacing. The simulations were also
run once keeping the Reynolds number constant (by changing the viscosity)
as typically done for these curves and once allowing the Reynolds number
















Figure 16: Example of the mass flow rate
seen in Fig. 17. From these graphs it can be seen that for a nozzle with
a similar diameter to the plate spacing with a constant Reynolds number,
Fig. 17(a), the effect of increasing the nozzle angle is to increase the discharge
coefficient for increasing jet coefficient. This is because the viscosity increases
to allow the Reynolds number to remain the same meaning that there is less
splash and therefore a higher flow rate between the plates. By allowing the
Reynolds number to vary, Fig. 17(b), this effect is removed and therefore
there is a convergence of the relationship between discharge coefficient and
jet coefficient at the higher nozzle angles with the exception of the case when
the nozzle angle is 90 degrees and is thus directed precisely between the
plates. This effect due to viscosity is highlighted in Fig. 18, which shows a
snapshot of the particle positions for a nozzle angle of 75◦ and a jet coefficient
of 6, where it can be seen that the the case with a varying Reynolds number,
and therefore a lower viscosity, (Fig. 18(b)) deflects off the wall more than
the case with a constant Reynolds number and thus higher viscosity (Fig.
18(a)). It can also be seen that for the larger nozzles, Figs. 17(c) and 17(d),
the influence of the nozzle angle has been removed such that the relationship
between discharge coefficient and jet coefficient is independent of the nozzle
angle. This is a result of the nozzle being much larger than the plate spacing
such that the gap between the plates is saturated at all times. This effect
of saturation is shown in Fig. 19, which shows a snapshot of the particle
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(a) Small nozzle with constant
Reynolds number
(b) Small nozzle with varying Reynolds
number
(c) Large nozzle with constant
Reynolds number
(d) Large nozzle with varying Reynolds
number
Figure 17: Discharge coefficient against jet coefficient for different nozzle angles
positions for the large nozzle (Fig. 19(a)) and small nozzle (Fig. 19(b)) for a
nozzle angle of 15◦ and a jet coefficient of 3 for a constant Reynolds number.
It can be seen that the large nozzle completely saturates the gap between
the plates but also there is a lot more water that misses the gap. As the
current HiPerDiF setup employs a nozzle that has a diameter much larger
than the plate spacing these results suggest that currently any nozzle angle
could be employed to maintain the same discharge coefficient. However, it
also suggests that there is a significant amount of excess water being used
and from a purely hydrodynamic perspective (ignoring any effects from the
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(a) Constant Reynolds number (b) Varying Reynolds number
Figure 18: Particle positions for small nozzle with an angle of 75◦ and jet coefficient of 6
fibres) a smaller nozzle could be used.
4. Conclusion
A numerical fluid model for deposition of suspended fibres has been pre-
sented based on smoothed particle hydrodynamics. The model includes all
fluid-fibre effects, as well as the influence of the peristaltic pump, pressure-
driven fluid drainage and moving belt. Accuracy has been assessed against
experimental results by varying the plate spacing of the tape laying machine,
and the numerical model has been shown to correctly reproduce the variations
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(a) Large nozzle (b) Small nozzle
Figure 19: Particle positions for different nozzle sizes with an angle of 15◦ and jet coefficient
of 3 with a constant Reynolds number
in fibre alignment observed. This SPH approach to fluid-fibre interaction has
the potential to be further extended and be useful in understanding other
composite manufacturing processes such as injection moulding and extru-
sion. Future work will focus on higher fidelity modelling of the system as the
HiPerDif machine design progresses and investigation of the wide range of
parameters that could potentially affect the alignment.
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